objectives To assess the association of neighbourhood sanitation coverage with under-five children's diarrhoeal morbidity and to evaluate its exposure-response relationship.
Introduction
Diarrhoea continues to be a leading cause of child death worldwide, accounting for 9% of under-five child death in 2015 [1] . One of the key preventive interventions against diarrhoeal disease is improved sanitation that separates human excreta from human contact in a hygienical manner [2] . Unfortunately, 2.5 billion people around the globe still lack access to improved sanitation [3] . Furthermore, in developing countries, 12 cities with 98% coverage of household sanitation reportedly released 78% of the collected faecal waste to the immediate environment without treatment, due to the lack of appropriate faecal sludge management [4] .
Community sanitation programmes such as the Community-Led Total Sanitation (CLTS) and India's Total Sanitation Campaign (TSC) promote community-wide use of appropriate sanitation, under the premise that exposure to faecal pathogens is likely to persist without neighbourhood-wide sanitation coverage, even for individuals with access to household sanitation. Despite being widely implemented across 50 countries, only 35-40% of CLTS and TSC trials achieve neighbourhoodwide household sanitation coverage [5, 6] .
The implication of interventions that achieve limited sanitation coverage is unclear, based on the previous randomised controlled sanitation trials measuring diarrhoeal outcome [7] [8] [9] [10] [11] . Four of five previous trials [8] [9] [10] [11] did not find any effect of sanitation coverage on diarrhoeal morbidity, even with the largest leap from 35% to 63% coverage achieved [11] in the study considered the best available evidence thus far [12] . Although inconclusive, some of the authors have suggested that the achieved sanitation coverage was insufficient to effectively reduce pathogen transmission [8, 11] and that there may be a certain coverage threshold that needs to be achieved for measurable impact [11] . In view of the continued efforts in community sanitation programmes, it is important to understand the exposure-response relationship between neighbourhood sanitation coverage and diarrhoea morbidity and to evaluate the minimum sanitation coverage required for reduction in diarrhoeal morbidity.
The exposure-response relationship between neighbourhood sanitation coverage and diarrhoeal morbidity is not well explored. Andres et al. [13] characterised the nonlinear relationship between neighbourhood sanitation coverage and the risk of diarrhoea in India. The study found that increasing neighbourhood sanitation coverage from 0% to 100% can reduce the risk of diarrhoea by up to 37% and that the risk of diarrhoea falls at a higher rate with rising sanitation coverage. However, the study used only small sample of children per neighbourhood (average of 7) which may bias the results and is limited to India. Hunter and Pr€ uss-Ust€ un found rapid decline in country-level diarrhoeal mortality with country-level sanitation coverage above then 60% threshold [14] . However, analyses were performed at country level using a country average of sanitation coverage, and thus, it is unclear whether the reduction in diarrhoeal mortality is associated with increase in access to household sanitation or neighbourhood sanitation coverage. Several studies have found a strong association between neighbourhood sanitation and diarrhoea, but did not characterise the exposure-response trend [15] [16] [17] .
The objectives of this study were to assess the association of neighbourhood sanitation coverage with underfive children's diarrhoeal morbidity and to investigate its exposure-response relationship in developing countries. We focus on sub-Saharan African and South Asia, the two regions facing the biggest sanitation problems [3] ; Demographic and Health Surveys (DHS) phase 6 data sets for the two regions are analysed.
Methods

Data and study population
We included all DHS phase 6 surveys from sub-Saharan Africa (n = 26) and South Asia (n = 3), conducted between 2010 and 2014. In total, 29 survey data sets from 29 countries were included. We only analysed data sets from the most recent survey phase to obtain more neighbourhood samples with high sanitation coverage, while reducing computational resource requirements. Characteristics of the included datasets are presented in Appendix S1. In the survey, women of childbearing age (15-49 years old) in each household sample were interviewed for demographic and socioeconomic information, as well as children's health information if they had children under 5 years of age. The final data set was structured in three hierarchical tiers, consisting of 29 countries, 14 049 neighbourhoods and 269014 children (Figure 1 ).
Outcome and exposure
The studied subjects were children under 5 years of age, and the outcome of the analyses was the subjects' diarrhoeal illness episode in the 2 weeks preceding the survey (yes/no). Diarrhoea was defined as 'more than three runny stools per day'. The independent variable of primary interest was the neighbourhood fraction of households with access to improved sanitation (NSan). Improved sanitation was defined as per WHO/Unicef Joint Monitoring Program (JMP), which includes facilities that are 'likely to ensure hygienic separation of human excreta from human contact', such as toilets that flush to a piped sewer system, septic tank or pit latrine [2] . Neighbourhood was defined as the primary sampling unit (PSU) adopted by each survey. PSUs were typically rural villages or urban city blocks, zoned for convenient census data collection [18] . Each PSU had fewer than 200 households, of which information from 10 to 50 households was collected.
NSan was derived by aggregating the household sanitation variable [19] ; for each neighbourhood, we counted the number of households with access to improved sanitation and divided it by the total number of households in the respective neighbourhood. Following the suggestions by Enders and Tofighi [19] , the household sanitation variable was centred around NSan (i.e. neighbourhood mean of household san) in all regression analyses to control for the potential influence on the regression results by the collinearity between household sanitation and NSan.
Analysis
The analyses were performed in two steps. First, we conducted a sequence of three-level logistic regressions. Next, exposure-response analyses were conducted to evaluate the functional relationship between neighbourhood sanitation and diarrhoea.
A multilevel logistic regression with random intercept was used in our analyses. The model accounts for the similarity in diarrhoeal morbidity within neighbourhoods and countries, by modelling the variation of diarrhoeal illness within neighbourhoods and countries as normally distributed. The significant variance in diarrhoea across neighbourhoods and countries, and the relatively high design effect of 4.2 found in our dataset [20, 21] were also accounted for by the model.
The model is expressed in a system of equations expressing each level, as shown in Equations 1 to 3.
Child:
Neighbourhood:
Country:
where p ijk is the diarrhoeal illness probability p for child i, in neighbourhood j in country k, given child-level regression intercept coefficient b 0jk , slope coefficients b m and M number of X independent variables. The childlevel intercept coefficient b 0jk is a function of N number of Z neighbourhood-level independent variables, with neighbourhood-level intercept coefficient c 00k , slope coefficients c 0n and residual error u 0jk . Likewise, the neighbourhood-level intercept coefficient c 00k is expressed by country-level intercept coefficient g 000 and residual error m 00k . The independent variables were centred around neighbourhood mean X, or country mean Z. The residual errors at neighbourhood and country-level are assumed to be normally distributed, that is u 0jk~N (0, s u ) and m 00k~N (0, s v ).
We controlled for potential confounding at both child and neighbourhood level. Potential confounders were identified based on prior knowledge of the faecal-oral transmission pathway, as well as the key literature on diarrhoeal disease [8, 22] . We included in the regression the following child-level variables: child's characteristics (age); socioeconomic status-related variables (mother's age at birth, mother's marital status, mother's education, number of <5 children in the household, household wealth index); and household water and sanitation condition (drinking water source, household sanitation facility). Wealth index was obtained from principal component analysis of household assets (e.g. electricity, vehicles) and housing characteristics (e.g. floor material), following the wealth index calculation method used by the DHS [23] . Household water source and sanitation facilities were excluded in the wealth index calculation as they have direct implications for faecal pathogen transmission. All variables, including the household sanitation type, were centred around the neighbourhood mean for ease of coefficient interpretation [24, 25] . Neighbourhood average wealth and area of residence (urban/rural) were also included in the analysis to control for potential confounding. All neighbourhood variables were centred around the country average [19] .
Exposure-response analyses were performed to assess the nature of the functional relationship between NSan and diarrhoeal morbidity. First, we conducted categorical analyses to examine the presence of threshold effect [26] . For the analysis, we re-parameterised the exposure as ordinal variables and created ten exposure subgroups. The odds ratio of diarrhoea for each exposure subgroup was plotted. Next, we applied cubic splines in the regression model. The splines were composed of a linear and a cubic polynomial, conjoined at a single knot (i.e. cutpoint). The location of the knot was determined based on the categorical analysis results [26] . The analyses were repeated separately for urban and rural population subgroups.
All multilevel models were fitted using the meglm function in Stata, with maximum-likelihood method by Gauss-Hermite quadrature integration, using 20 integration points. Variables used for sample stratification, that is urban/rural and region, were included in the regression as separate variables in all models [27, 28] . The Stata commands used are presented in Appendix S3. R and SPSS were used for data management and principal-component analysis for determination of wealth index, respectively.
Results
Descriptive analysis
Of the 269 014 children sample analysed, 40 506 (15%) children had an episode of diarrhoea in the 2 weeks preceding the survey (Table 1 ). Access to improved sanitation was available to 23% of the children (N = 61 238), and only 2% of the children (N = 5306) resided in neighbourhoods with 75% or more coverage of improved household sanitation. In comparison with rural households, urban households had more access to improved household sanitation (36% vs. 18%) and had slightly higher neighbourhood sanitation coverage (See Table 2 ). The country-wise statistics are presented in Appendix S1.
Results of three-level logistic regression
We conducted four sequential multilevel logistic regression analyses, as shown in Table 3 . Clustering of diarrhoeal illness within neighbourhood and country was incorporated in all models using multilevel regression. Model 1 analysed the crude clustering of diarrhoeal illness between neighbourhoods and countries, where we confirmed significant variance of diarrhoeal illness between neighbourhoods and countries. The intraclass correlation (ICC) at neighbourhood level indicates that 13% and 2% of total variation in diarrhoeal illness occurs across neighbourhoods and countries, respectively. In Model 2, diarrhoeal illness was regressed on child-level covariates, where all variables except household drinking water and area of residence were significantly associated with diarrhoea. In Model 3, strong association between diarrhoea and neighbour- , and children's age. The fit of the full model was satisfactory, according to Wald test results (P < 0.001), indicating that both child-level and neighbourhood-level variables make distinct contributions to diarrhoea morbidity. Figure 2 shows the exposure-response curves of the neighbourhood-level fraction of improved household sanitation against the odds ratio (OR) of diarrhoea. The categorical data points, marked with its 95% confidence interval, represents the category-specific odds ratio at the mid-point of each NSan decile subgroup. The regression line was fitted with cubic spline, with dash line representing its 95% confidence band; all potential confounders listed in Table 3 were included in the analyses. Both categorical and cubic spline analyses show increasing reduction in diarrhoea morbidity with increasing neighbourhood sanitation coverage. As NSan increased from 0 to 0.6, the odds ratio of diarrhoea decreased to OR of 0.82 (95% CI: 0.77-0.87). Beyond NSan of 0.6, a sharp reduction in OR was observed, reaching OR of 0.44 (95% CI: 0.29-0.67) at NSan of 1. Overall, the results showed clear deviation from the logistic function assumption made in logistic regression.
Exposure-response analyses
Separate exposure-response curves for urban and rural population were plotted to explore potential variability in the trend due to difference in population density and pathogen transmission dynamics. As shown in Figure 3 , the general shape of the regression line remained consistent in both curves, where steeper gradient in diarrhoeal morbidity was found at NSan higher than 0.6. However, the change in NSan from 0 to 1 was associated with approximately 50% reduction in diarrhoeal morbidity for urban population (OR [ †As defined by JMP [2] . ‡Area of residence included in all models to control for sample stratification, along with region (not shown).
Þ **P < 0.05; ***Reference state.
Discussion
We found a significant association between NSan and diarrhoeal morbidity for under-five children. The relationship between NSan and under-five diarrhoea exhibited a protective exposure-response trend, with steep reduction in diarrhoeal morbidity at NSan above 0. The mean association between NSan and diarrhoea varied widely across the 29 countries analysed, from an OR of 0.03 (95% CI: 0.01-0.12) to 2.02 (95% CI: 0.10-38.93), but was mostly in the protective direction (Appendix S2). The results suggest that transmission of faecal pathogens between households may be a key cause of diarrhoeal illness. However, although certain transmission pathways may be more important than others, their relative importance could not be estimated from our analysis. Also, the shallow gradient below NSan of 0.6 on the exposure-response curve (Figure 2) indicates that a high environmental pathogen level may persist in neighbourhoods with NSan below 0.6. The finding agrees with previous trials, which found the same level of microbial contamination in water and hands in villages with 35% or 65% sanitation coverage [11] . The steep reduction of the odds of diarrhoea at NSan over 0.6 implies that the pathogen level may be below the critical dose for diarrhoeal morbidity. We found that the exposure-response trend is similar for urban and rural population.
The results, however, should be interpreted with care, in consideration of potential sources of bias in the estimated exposure-response trend. First, the association of neighbourhood sanitation with diarrhoeal morbidity may be confounded by other factors. For instance, the sharp reduction in diarrhoeal morbidity may have been attenuated by improved public wastewater management infrastructure such as wastewater treatment plants that are likely present in areas with high NSan. Unfortunately, we do not have access to relevant information to further investigate and control for this source of confounding. Individuals residing in neighbourhoods with low sanitation coverage may be more predisposed to illness due to poor health-related environment at both household (e.g. poor nutrition and immunity) and neighbourhood (e.g. low awareness, ineffective health system); in such case, the steep slope identified in the exposure-response curves may have been exaggerated by extreme gap in general health environment. We controlled for the confounding by health environment related factors, by including in the regression the household socioeconomic characteristics (mother's education, wealth index) and neighbourhood average of wealth variable in the model. Hygiene-related variables and other water source-related variables, such as distance to water source, were highly correlated with household water source and hence were excluded. The error associated with NSan in measuring the true neighbourhood sanitation coverage may have exaggerated our results. NSan was derived from aggregating household sanitation measure, rather than from a direct, neighbourhood level observation (e.g. presence of sewage treatment plant in the neighbourhood). The caveat of this approach is that the association of NSan with diarrhoea can be overestimated with increasing measurement error in the lower level measurements [29, 30] , which is, in this case, household sanitation. Due to the lack of information on the measurement error in household sanitation response, we are unable to directly test whether the NSan effect we found is falsely inflated. As an alternative approach for confirming such 'phantom effect' [29] , we tested for any falsely exaggerated association between diarrhoea and other aggregated variables, namely neighbourhood level average of improved water source and electricity connection, that theoretically not affect diarrhoeal morbidity. Based on the flat curves in Figure 4 in contrast to the clear sign of exposure-response relationship between NSan and diarrhoeal morbidity in Figure 2 , we did not find any evidence of false association between neighbourhood fraction of improved water or electricity with diarrhoeal morbidity.
In addition to measurement error in household sanitation, insufficient household sampling rate per neighbourhood can deflate the effect of NSan [31] . It is estimated that the coefficient for NSan may have deflated the true effect by 20% approximately, based on a simulation conducted by Ludtke et al. on two-level models of similar same sampling rate and variance distribution [31] . Neighbourhood-level behavior for children's faeces disposal can also have a significant effect on diarrhoeal morbidity [32] ; we did not incorporate this in our analyses as household level behavior for children's faeces disposal was highly correlated with household sanitation and aggregated child's faeces disposal variable at neighbourhood level was subject to serious bias due to low number of households with children per neighbourhood.
Neighbourhoods were defined using geographic and administrative boundaries that may not necessarily correspond to the key context of faecal pathogen transmission, but there have been limited efforts exploring the relevant scale of context for diarrhoeal diseases [33, 34] . Furthermore, the reports of two-week diarrhoeal illness used in the analysis may be vulnerable to recall error [35] , although it is likely that the degree of recall error is even across the studied population. We did not identify rigorous sample size recommendation of three-level logistic regression models, but the sample used in the analyses closely abides the general rule of thumb that suggests minimum of 30 to 50 units at each level [20, 24, 36] .
Notwithstanding the afore-mentioned sources of potential bias, the results of current analyses are in agreement with previous studies. The significance of complete neighbourhood sanitation coverage on childhood diarrhoea was identified by Andres et al. [13] , as well as on other child health outcomes such as child mortality and growth status by a number of authors [32, [37] [38] [39] . Furthermore, the exposure-response curves presented in Figure 3b for rural settings are in agreement with the four previous randomised controlled trials [8] [9] [10] [11] . Interpolating from Figure 3b the change in NSan reported by the trials, we also find no reduction in OR for increase in NSan from 10% to 38% [8] , 22% to 41% [9] , 35% to 65% [11] and 57% to 65% [10] . No randomised controlled trials assessing the effect of high NSan over 65% range to crosscheck our results have been conducted to our knowledge. Our findings, in conjunction with previous evidence, support implementation of community-wide sanitation interventions and monitoring of the progress of neighbourhood sanitation coverage improvements. Further exploration of the effect of neighbourhood sanitation in varying contexts is desirable to inform design and monitoring of the interventions.
Conclusions
Our exposure-response analysis on neighbourhood sanitation and diarrhoea suggests that neighbourhood sanitation plays a key role in reducing diarrhoeal diseases. In addition, it provides the first multicountry estimation of the exposure-response relationship between neighbourhood sanitation coverage and diarrhoeal morbidity, suggesting that an increase in sanitation coverage may only have minimal impact on diarrhoeal illness, unless a sufficiently high coverage is achieved. Randomised controlled trials assessing the effect of high neighbourhood sanitation coverage are needed to confirm the findings of this study and to inform future community sanitation interventions.
